Introduction
The mortality among patients with epilepsy is on average 2-3 times greater than that in the general population. 1 The commonest cause of death in young adults with epilepsy is sudden unexpected death in epilepsy (SUDEP). The underlying mechanisms that cause SUDEP are still unclear. Several different mechanisms may be involved, and there may be no single explanation for all cases. For example, one mechanism which has been suggested involves cerebrogenic cardiac arrhythmia and autonomic dysfunction. 2 There are limited observations of SUDEP with case reports of observed cardiac arrhythmias. 3 It has been suggested that SUDEP may be caused by dysfunction of the cardiovascular autonomic system, which exposes the patient to arrhythmias and sinus arrest. 4 The development of cardiovascular autonomic dysfunction during the interictal period has been shown to be associated with the epileptic activity. 1 Experimental data suggest that interictal epileptogenic activity induces autonomic imbalance, which may be associated with cardiac arrhythmias. 5 Changes in neurocardiac regulation occur in the immediate postictal phase following maximal electroshock (MES) in rats that result in a transient, markedly irregular heart rhythm. 6 In rats, spectral heart rate variability (HRV) analysis in the immediate postictal state strongly suggests that there is an autonomic imbalance favoring vagal activity. 7 Cardiac rhythm and conduction abnormalities are common during seizures, particularly if the seizure is prolonged or generalized. 8 Electrocardiographic (ECG) abnormalities with potentially serious changes including ST-depression and T-wave inversion were observed in patients during the ictal and postictal period, suggesting that myocardial ischemia associated
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with ictal sympathetic storms may lead to lethal arrhythmias. 8, 9 In patients with recurrent seizure activity causing hypoxia and/ or apnea, seizures can be expected to result in cardiac scarring, as a consequence of ischemia/reperfusion injuries. 10 These lesions are defined as cellular damage observed after reperfusion of previously viable ischemic tissues. 11 Thus, although restoration of blood flow to an ischemic organ is essential to prevent irreversible cellular injury, reperfusion in itself may augment tissue damages. Therefore, taking into consideration the disruption of the normal autonomic control and the myocardial injury during epileptic seizures, the aim of this study was to evaluate the cardiovascular and electrocardiographic parameters after seizurea induced by maximal electroshock in Wistar rats.
Methods

Animals
Experiments were performed in male Wistar rats (250-300 g, n = 28) from the main breeding stock of the Institute of Biological Sciences (Federal University of Minas Gerais, Brazil). Animals were housed individually in plastic cages, under controlled lighting conditions (lights on at 6:00 am and off at 8:00 pm), room temperature at 24 8C and with food and water ad libitum. All efforts were made to avoid any unnecessary distress to the animals and all animal procedures were performed in accordance with institutional guidelines approved by the Ethics Committee in Animal Experimentation of the Federal University of Minas Gerais, Brazil (CETEA-UFMG), which are in accordance with the National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals.
Electroshock-induced seizures
To induce electroshock seizures, the same electric stimulus (70 mA, 60 Hz) was used for all animals, produced by an Elektroshockgerä t apparatus (Karl Kolbe, Scientific Technical Supplies, Frankfurt, Germany). The stimulus was applied over a period of one second through a pair of ear clip electrodes. The behavioral evaluation was based on an electroshock score, taking into account the severity of the tonic component of the seizure, using a four-point scale as follows: 0 = no seizure; 1 = forelimb extension without hind limb extension; 2 = complete forelimb extension and partial hind limb extension; 3 = complete forelimb and hind limb extension, parallel to the tail. 12 The electroshock stimuli were applied to each animal, starting when they were approximately 70 days old. Four experimental groups were used, namely: control (Wistar rats no subjected to seizure induced by MES); MES 1 (Wistar rats subjected to one seizure induced by MES at 70 days old); MES 3 (Wistar rats subjected to three seizure induced by MES at 70, 72 and 74 days old) and MES 4 (Wistar rats subjected to four seizure induced by MES at 70, 72, 74 and 76 days old). A period of one week after the last electroshock-induced seizures was allowed before the initiation of the experimental protocol, i.e. observation of cardiac function and reperfusion arrhythmias.
Electrocardiographic analysis
To obtain ECG tracings, bipolar platinum electrodes were positioned in the thorax (subcutaneous tissue) directly in derivation DII. The ECG recordings were performed 24 h after the implantation of the electrodes and evaluated in unanesthetized, freely moving rats before and after seizures induced by MES. The QRS complex and RR, PR, QT interval duration and corrected QT (QTc) were analyzed. The QT interval was measured starting from the onset of the QRS complex until the end of the T wave, which is the return of the T wave to the baseline. 13 QTc was obtained using Bazett's formula (QTc ¼ QT= ffiffiffiffiffiffi ffi RR p ). 14 The HRV was calculated by Kubios software from successive RR interval obtained from the ECG tracings by two minutes in interictal and postictal period. In the time-domain analysis, the following indexes were evaluated: standard deviation of RR intervals (SDNN) and square root of the mean squared differences of successive RR intervals (RMSSD). Additionaly, in the frequencydomain analysis of HRV it was evaluated the low frequency (LF) power and the high frequency (HF) power.
Isolated hearts preparation and induction of reperfusion arrhythmias
The rats were decapitated 10-15 min after intraperitoneal injection of 400 IU heparin. The thorax was opened, the heart was rapidly excised and immediately cooled in iced buffer and perfused through an aortic stump with Krebs-Ringer solution (KRS) containing: 118.4 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 Á7H 2 O, 2.5 mM CaCl 2 Á2H 2 O, 11.7 mM glucose and 26.5 mM NaHCO 3 . The high glucose concentration was employed to overcome possible reductions in glucose uptake by cardiomyocytes. 15 The perfusion fluid was maintained at 37 AE 1 8C with a constant pressure (75 mmHg) and oxygenation (5% CO 2 /95% O 2 ). A force transducer (model FT3, Grass) was attached through a heart clip to the apex of the ventricles to record the contractile force (systolic tension, g) in a computer using a data acquisition system (Biopac System, Inc., CA, USA). Electrical activity was recorded utilizing an ECG with the aid of two platinum electrodes placed directly on the surface of the right atrium and left ventricle (bipolar lead). A diastolic tension of 1.0 AE 0.2 g was applied to the hearts. The coronary flow was measured by collecting the perfusate over a period of one minute at regular intervals. 16 The hearts were perfused for an initial 30-min period with KRS under sinusal rhythm. At the end of this time, a ligature was placed around the left anterior descending (LAD) coronary artery close to its origin. Both ends of the ligature were passed through a small plastic cylinder which was then pressed against the artery. The resulting arterial occlusion was maintained for 15 min by clamping the plastic cylinder and ligature. After the 15-min period of coronary occlusion, we reperfused the artery by removing the clamp and the tube. Reperfusion rhythm disturbances were then monitored for 30 min. 17 Cardiac arrhythmias were defined as the presence of ventricular tachycardia (VT) and/or ventricular fibrillation (VF) after the ligature of the LAD was released. The duration of the arrhythmias was expressed as an arrhythmia severity index (ASI), being a 30-min arrhythmia considered as irreversible. 18 Therefore, the occurrence time of cardiac arrhythmias for up to 3 min was assigned by the factor 2; 3-6 min by factor 4; 6-10 min by factor 6; 10-15 min by factor 8; 15-20 min by factor 10; 20-25 min by factor 11 and 25-30 min was assigned by factor 12. Thus, a value of 0-12 for the ASI was obtained from each experiment.
Statistical analysis
Data are reported as mean AE SEM. Comparisons between groups were performed by 2-way ANOVA followed by the Bonferroni post hoc test. One comparison between groups was analyzed using Student's t-test paired and unpaired. p < 0.05 were considered to be statistically significant.
Results
Application of MES induced tonic seizures with complete forelimb and hind limb extension in all animals (data not shown). After the seizure induced by MES, we observed a significant reduction in the heart rate (HR) during the postictal period compared with the baseline. HR decreased from a baseline of 330 AE 5 bpm to 224 AE 15 bpm at one minute and 279 AE 10 at two minutes after the seizure (Fig. 1A) . A consistent period of postictal bradyarrhythmia with irregular HR was observed. This effect was greater in the first and second minutes and returned to baseline at the third minute (Fig. 1B) .
Convulsive seizures triggered by MES induced profound abnormalities in the neural regulation of the cardiac rhythm manifesting as a period of marked cardiac arrhythmia in the immediate postictal state. Potentially serious electrocardiographic abnormalities including ST-elevation, bundle branch block, atrioventricular nodal escape rhythm and premature ventricular contractions were observed (data not shown). The analysis of ECG recordings revealed that changes in cardiac regulation occured in the immediate postictal phase, resulting in a transient and markedly irregular heart rhythm with highly variable and prolonged RR intervals (178.6 AE 3.4 ms vs 236.8 AE 4.7 ms, n = 7, p < 0.05). The PR interval and QRS complex were prolonged (PR: 53.9 AE 0.4 vs 63.9 AE 1.7 ms, n = 7, p < 0.05; QRS: 53.7 AE 0.6 vs 64.2 AE 1.2 ms, n = 7, p < 0.05), indicating that the atrioventricular nodal and the Hiss-Purkinje conduction were impaired in the postictal period. The QT interval and QTc were also significantly increased after the seizure (QT: 79.6 AE 1.8 vs 106.1 AE 2.4 ms, n = 7, p < 0.05; QTc: 59.4 AE 1.2 vs 68.6 AE 1.0 ms, n = 7, p < 0.05). In the postictal period, the hearts returned to the regular rhythm with recovery of the heart rate and normalization of the intervals RR, PR, QT, QTc and QRS complex.
Time-and frequency-domain HRV analyses were conducted under basal condition (interictal) and 1 min after the seizure induced by MES (postictal , n = 7, p < 0.05, Fig. 2A ), which resulted in a higher LF/HF ratio compared to the postictal period (Fig. 2B) . These data reflect an increase in the sympathetic tone in the interictal period. No significant differences between the LF and HF power spectrum of HRV were observed in the postictal period ( Fig. 2A) . However, the HF power was slightly increased after seizure ( Fig. 2A) , contributing to a significant reduction in the LF/HF ratio (Fig. 2B) . Taken together, these findings suggest that the seizure induced by MES may cause an imbalance of the autonomic control of the heart with increases in the sympathetic tone in the interictal period and in the parasympathetic tone in the postictal period.
Seizures induced by MES significantly increased the coronary flow in isolated hearts (Fig. 3A) . During the basal period, the coronary flow was 6.4 AE 0.3 mL/g/min in control rats, 7.6 AE 0.9 mL/ g/min in rats submitted to one seizure stimulus, 8.9 AE 0.6 mL/g/min in rats submitted to three seizure stimuli and 9.2 AE 0.8 mL/g/min in rats submitted to four seizure stimuli (p < 0.05). Also, seizures decreased the systolic tension during the basal period (Fig. 3B) , i.e. 9.95 AE 0.71 g in control rats, 8.35 AE 0.89 g in animals submitted to one seizure stimulus, 7.50 AE 0.60 g in animals submitted to three seizure stimuli and 7.23 AE 0.62 g in rats submitted to four seizure stimuli (p < 0.05). In terms of HR, seizures elicited significant increases in the HR of isolated hearts at the basal period (279.0 AE 8 bpm in control rats; 292 AE 8 bpm in rats submitted to one seizure stimulus; 307 AE 9 in animals submitted to three seizure stimuli; and 304 AE 6 in animals submitted to four seizure stimuli, p < 0.05; Fig. 3C ). Altogether, these data indicate that daily MES stimuli increase the HR during the postictal period and induce cardiac dysfunction with reduction of the heart contractility. Occlusion of the coronary artery resulted in a reduction of the coronary flow in all groups ($50%), which was sustained throughout the ischemic period. This effect was accompanied by a reduction of $40% and $15% in the systolic tension and HR, respectively, in all groups. No significant changes were observed among any of the groups during this period. After the ligature of the LAD was released, irreversible reperfusion arrhythmias occurred. Therefore, statistical analyses of the coronary flow, systolic tension and HR were not possible.
At the onset of reperfusion, ventricular tachycardia (VT) and/or ventricular fibrillation (VF) were observed in all groups. In control hearts (without seizure) VT and/or VF was reversed to normal sinus rhythm in six of the seven hearts evaluated. Quantification of the rhythm disturbances arrhythmia severity index (ASI) revealed that seizures induced by MES elicited an increase in the duration of reperfusion arrhythmias (Fig. 4A) . However, significant effect on ASI was observed only in rats submitted to four seizure stimuli (ASI: 10.57 AE 0.95 vs 4.57 AE 1.49 arbitrary units in control group; p < 0.05). In addition, the occurrence of irreversible arrhythmias increased from 14% in control hearts to 43%, 71% and 71% in hearts of animals submitted to one, three and four seizure stimuli, respectively (Fig. 4B) .
Discussion
In the present study we observed a decrease in the HR after seizures induced by MES. Similarly, Darbin and Naritoku 6 found that changes in neurocardiac regulation occur in the immediate postictal phase following MES, with a transient, markedly irregular heart rhythm. Belenky and Holaday 19 demonstrated that electroconvulsive Shock (ECS) produces a significant fall in mean arterial pressure (MAP) and HR 20-40 s post-ECS followed by hypertension. The bradycardia after the seizure strongly suggests the involvement of the autonomic nervous system. Cardiac arrhythmias are a recognized complication of epileptic seizures and it is tempting to presume that a sudden and massive cerebral discharge during the seizure is propagated to autonomic efferent pathways and induces arrhythmias. 7 Autonomic changes may result either from sympathetic inhibition or parasympathetic activation and are likely to be caused by ictal discharge arising Heart rate (BPM) Fig. 3 . Time course of (A) coronary flow, (B) systolic tension and (C) heart rate of isolated rat hearts during basal, left anterior descending coronary artery occlusion (ischemia) and reperfusion periods after seizure induced by one (MES 1), three (MES 3) or four (MES 4) maximal electroshock (MES). Values are mean AE SEM, n = 7 for each group. Comparisons between groups were performed by 2-way ANOVA followed by the Bonferroni post hoc test, *p < 0.05 compared with control.
from or spreading to structures of the central autonomic network. 20 Previous observations suggest that these postictal abnormalities are not the result of a simple suppression of normal autonomic mechanisms, but rather an abnormal expression of both sympathetic and, especially, parasympathetic neurotransmission. 21 Frequency-domain analysis of HRV showed that in Wistar rats seizures induced by MES are accompanied by HF increases and LF/HF decreases. The HF component reflects the vagal (parasympathetic) regulation of the heart. Therefore, our findings show a significant increase in the parasympathetic tone and a significant decrease in the sympathetic tone in the postictal period. Similarly, Yang et al. 22 reported that HF increases while LF decreases after seizures in five patients with generalized seizures. In rats, power spectral analysis of HRV has been shown to be an effective method of detecting disturbances in cardiac autonomic control in some experimental models of pathologic conditions, such as myocardial infarction. 23 Decreased HRV is associated with an increased risk of ventricular arrhythmias and has been shown to constitute an independent prognostic factor for mortality in cardiac patients. 24 Thus, using this technique, we show that seizures triggered by MES cause imbalance of the autonomic control of the heart, with increased sympathetic tone in the interictal period and increased parasympathetic tone in the postictal period. Experimental data published by Lathers and Schraeder 5 suggest that interictal epileptogenic activity induces an autonomic imbalance, which may be associated with cardiac arrhythmias. Darbin et al. 7 also observed an autonomic imbalance that favors vagal activity by spectral HRV analysis in the immediate postictal state in rats.
In accordance with Dhein et al., 25 vagal activation causes stimulation of cardiac muscarinic acetylcholine receptors that modulate pacemaker activity and atrioventricular conduction. Thus, confirming the presence of a parasympathetic activation in our model, the ECG displayed a PR interval and QRS complex prolongation, indicating that the atrioventricular nodal and HissPurkinje conduction was impaired in the postictal period. This resulted in a transient and markedly irregular heart rhythm with highly variable and prolonged RR intervals. Lathers and Schraeder 5 observed ECG changes after seizures induced by pentylenetetrazol (notched P and T waves), indicating a change in the atrial conduction and in the ventricular repolarization pattern. Goodman et al. 26 also observed non-conducted P waves and increases in the PR interval during amygdaloid kindled seizures. Also, the QT interval and corrected QT were significantly increased after seizures. Autonomic conditions affect the sinus node and these effects cause a change in HR, which in turn influences the QT. Thus, the length of the QT interval is dependent on HR, i.e. it increases with decreasing HR. A prolonged QT interval is a marker of vulnerability for ventricular arrhythmias and a potential predictor of mortality. 27 It was suggested that an imbalance in the sympathetic nervous system may result in prolongation of the QT interval in ECG tracings. 28 In fact, patients with prolongation of the QT interval have a predilection for life threatening ventricular arrhythmias. 29 Furthermore, Tavernor et al. 30 observed a significant increase in the QTc values during EEG epileptiform discharge in a group of patients who subsequently died of sudden unexplained death. One may argue that MES (even when repeated) do not result in arrhythmias followed by cardiac arrest. SUDEP is defined as a sudden, unexpected, witnessed or unwitnessed, non-traumatic and non-drowning death of patients with epilepsy with or without evidence of a seizure, excluding documented status epilepticus and in whom post-mortem examination does not reveal a structural or toxicological cause for death. 31 The main risk factors for SUDEP are associated with poorly controlled seizures, suggesting that most cases of SUDEP are seizure-related events. Dysregulation in cardiac and respiratory physiology, dysfunction in systemic and cerebral circulation physiology and seizure-induced hormonal and metabolic changes might all contribute to SUDEP. Cardiac factors include bradyarrhythmias and asystole, as well as tachyarrhythmias and alterations in cardiac repolarization. Altered electrolytes and blood pH and release of catecholamines may modulate cardiac excitability and facilitate arrhythmias. 32 According to Ryvlin et al., 32 ictal arrhythmias represent a common cause of SUDEP.
However, Surges et al. 33 suggest that SUDEP is caused by the fatal coexistence of several predisposing and triggering factors. The causes of death in epilepsy are commonly suspected to involve cardiovascular or respiratory dysfunction provoked by seizures. 34 Mameli et al. 35 observed that during activation of epileptogenic focus by penicillin-G, the spontaneous vagal nerve fibre activity significantly increased and triggered the appearance of cardiac arrhythmias which could become life threatening and induce animal death when blood gas and electrolytic parameters were simultaneously impaired. Seizures are associated with marked autonomic changes during ictal, interictal and postictal periods which may be partly responsible for the production of cardiac arrhythmias and sudden unexpected death in epilepsy. 36 Abnormal cardiac autonomic control including high levels of sympathetic activity and impaired parasympathetic control is associated with cardiac dysfunction 37 and predisposes the heart to VF. 38 It has been demonstrated that vagal activation increases the threshold to trigger VF induced by sympathetic stimulation. 39 Moreover, Ng et al. 40 have found that sympathetic stimulation decreases the effective refractory period, as well as the VF threshold. Thus, the higher sympathetic tone seen in our study in the interictal period could induce structural alterations in the heart that might contribute to the increase in cardiac arrhythmias following ischemia-reperfusion injury. Furthermore, in the present study we observed an increased occurrence of irreversible arrhythmias in isolated hearts after convulsive seizures triggered by MES. Similarly, Dasheiff and Dickinson 3 reported that seizures may trigger lethal arrhythmias in the setting of prior myocardial infarctions in three SUDEP patients. Interestingly, we found that the duration of the arrhythmias parallels with the augmentation in the seizure repetition, as evidenced by significant increases in the arrhythmia duration induced by increases in the number of MES stimuli. We found that the systolic tension of isolated hearts from rats submitted to seizures induced by MES was decreased. Indeed, impaired systolic performance has been described in patients after electroconvulsive therapy (ECT). 41 ECT is used to treat patients with severe or resistant depression. McCully et al. 42 reported that ECT leads to transient decrease in the left ventricular systolic function in patients without underlying cardiac disease. Kadoi et al. 41 suggest that the decreased systolic performance might worsen myocardial ischemia after ECT. Cardiac arrhythmias, such as ventricular ectopics, transient ST-segment depression and transient wall motion abnormalities can occur after ECT. 43 However, McCully et al. 42 demonstrated that multiple ECT sessions did not have a cumulative deleterious effect on left ventricular function, suggesting that tolerance to ECT can develop. In summary, the consistent postictal arrhythmias that occur after MES observed in our rats suggest that seizures induce a disordered autonomic regulation that persists beyond the period characterized by peri-ictal ECG and behavioral changes. These findings may be useful for the understanding of the risks of arrhythmias in patients with epilepsy. We have shown that seizures induced by MES are a stronger risk factor for the subsequent development of for cardiac arrhythmias. Equivalent abnormalities in humans could, predispose individuals experiencing spontaneous seizures to cardiac arrhythmias and SUDEP.
